To test the hypothesis that subclinical levels of ventricular dysfunction contribute to the development of ventricular arrhythmias after repair of tetralogy of Fallot, 38 postoperative patients were studied by radionuclide ventriculography and M-mode echocardiography. Eighteen patients (group I) had Lown grade 2 or greater ventricular arrhythmias on ambulatory electrocardiography or treadmill exercise, or both; 20 patients (group II) had no documented ventricular arrhythmias. Radionuclide ventriculograms were performed using technetium-99m-labeled red cells; ejection fractions were derived by computer from multigated images, with normal values being 45% for the right ventricle and 55% for the left ventricle. From M-mode echocardiography, right and left ventricular end-diastolic dimensions were expressed as a ratio, the highest normal value being 0.45.
To test the hypothesis that subclinical levels of ventricular dysfunction contribute to the development of ventricular arrhythmias after repair of tetralogy of Fallot, 38 postoperative patients were studied by radionuclide ventriculography and M-mode echocardiography. Eighteen patients (group I) had Lown grade 2 or greater ventricular arrhythmias on ambulatory electrocardiography or treadmill exercise, or both; 20 patients (group II) had no documented ventricular arrhythmias. Radionuclide ventriculograms were performed using technetium-99m-labeled red cells; ejection fractions were derived by computer from multigated images, with normal values being 45% for the right ventricle and 55% for the left ventricle. From M-mode echocardiography, right and left ventricular end-diastolic dimensions were expressed as a ratio, the highest normal value being 0.45.
By radionuclide ventriculography, right ventricular ejection fraction was lower for group I (28 ± 3%) than for group II (31 ± 2%), but the difference was not After surgical repair of tetralogy of Fallot, patients with ventricular arrhythmias have been shown to be at risk for sudden death. In a previous review from this institution (I), 30 of 72 patients studied by treadmill exercise and ambulatory electrocardiographic monitoring manifested ventricular arrhythmias; of this group , 6 patients subsequently died suddenly. In contrast with other published series (2,3) of patients studied in the same manner, manifest ventricular arrhythmias did not correlate with important residual hemodynamic abnormalities at follow-up cardiac catheterization. Although patients with ventricular arrhythmias had higher right and left ventricular end-diastolic pressures , these dif- From ©1984 by the American College of Cardiology significant (p < 0.10). Left ventricular ejection fraction was significantly lower for group I than for group II (45 ± 5% versus 55 ± 3%, P < 0.05). The echocardiographic right and left ventricular diastolic dimension ratio was elevated in all patients except two in group II; it was significantly greater in group I than in group II (0.84 ± 0.06 versus 0.63 ± 0.04, p < 0.005).
This study provides evidence for right ventricular dilation by M-mode echocardiography and for biventricular dysfunction by radionuclide ventriculography in patients who have undergone repair of tetralogy of Fallot. Patients with ventricular arrhythmias, a finding well correlated with risk of sudden death, had significantly more right ventricular enlargement and a significantly lower left ventricular ejection fraction. The findings suggest that ventricular dysfunction may contribute to the development of ventricular arrhythmias after repair of tetralogy of Fallot.
ferenees did not reach statistical significance, suggesting that biventricular dysfunction might be a determining factor in the development of ventricular arrhythmias . Radionuclide ventriculography has been used to assess both right and left ventricular function in adults , and recently this technique was validated in children with congenital heart disease (4,5) . M-mode echocardiography is a well described noninvasive technique for measuring cardiac chamber size and evaluating left ventricular function (6 ,7) . To investigate the hypothesi s that ventricular arrhythmias may reflect subclinical levels of right and left ventricular dysfunction, a group of patients with repair of tetralogy of Fallot were evaluated by M-mode echocardiography and radionuclide ventriculography.
Methods
Patients. The study group consisted of 38 patients who had undergone repair of tetralogy of Fallot more than 5 years previously; this represented all such patients followed 0735-1097 /84/$3.00 up at our institution, The mean duration ofthe postoperative follow-up period was 10 years (range 5 to 18). At operation, patients ranged from 1 to 13 years of age (mean 6.4). All patients had undergone cardiac catheterization, treadmill exercise testing and 24 hour ambulatory electrocardiographic monitoring as part of routine postoperative followup study. On the basis of results of the rhythm evaluation, the patients were separated into two groups (Table 1) . Group I consisted of 18 patients with ventricular premature complexes detected by treadmill exercise or ambulatory electrocardiography, or both, For this study, more than 30 uniform ventricular premature complexeslh (Lawn grade 2 or greater) on ambulatory electrocardiography or more than 5 uniform ventricular premature complexes induced by treadmill exercise were considered positive ( Table 2 ). Group II consisted of 20 patients without documented ventricular arrhythmias. The groups did not differ in type of surgical repair required. Postoperative cardiac catheterization results did not differ significantly between the two groups when they were compared by unpaired t testing for right ventricular systolic and diastolic pressure, right ventricular to pulmonary artery systolic pressure difference and left ventricular end-diastolic pressure. No patient in either group had a residual ventricular septal defect with pulmonary to systemic flow (Qp/Qs) ratio greater than 1,5: 1, Radionuclide ventriculography. Multiple gated equilibrium radionuclide studies were performed in all patients. Red blood cells were labeled in vitro with technetium-99m pertechnetate using a previously described technique (8), A maximal dose of 250 mCi was used for patients weighing 65 kg or more; the dose was adjusted for patients of lighter weight using a previously published formula (9) . The study was performed with the patient supine on an imaging stretcher. Electrocardiographic leads were attached across the chest for monitoring of R waves, and a high resolution collimator was attached to a model 420 Ohio Nuclear mobile scintillation camera with a 10 inch (25.4 em) field of view. Ten minute acquisition times were recorded with an on-line minicomputer system (Gamma 11, Digital Equipment Corporation) in the anterior and left lateral views. The degree of obliquity in the lateral projection was determined by the best separation obtained between the left and right ventricles. In these children, the 90°left lateral position was generally best for separation of the two ventricles. No caudal angulation was used.
With the detected electrocardiographic R wave as a reference, the data obtained from the scintillation camera were framed into 16 frames spanning the cardiac cycle and subsequently processed into a cine presentation for evaluation of chamber size and wall motion. Regions of interest were hand-drawn over the left and right ventricles using the cine presentation as a guide to the edges of the ventricular cavity. The computer algorithm established a threshold of 15% to adjust the regions of interest to track the ventricular wall motion during systolic contraction. A background region of interest for subtraction purposes was established between the ventricular edge at end-diastole and end-systole. Ventricular volume curves were then obtained from which stroke count, ejection fraction and systolic and diastolic time variables were determined (Fig. 1) . Normal values for left and right ventricular ejection fraction were considered to be greater than 55 and 45%, respectively. M-mode echocardiography. M-mode echocardiography was performed accordingto publishedtechniques(10) from the standard precordial position with a Hoffrel 201 echocardiographic unit. Right and left ventricular end-diastolic dimensions were measured at the onset of the QRS complex, where both mitral leaflets were well visualized (Fig. 2) . The right and left ventricular diastolic dimensions were expressed as a ratio, the highest normal ratio being 0.45. Thirty-one patients had adequate M-mode echocardiograms for evaluation.
Statistical analysis. The right and left ventricular ejection fractions determined by radionuclide ventriculography and the ventricular diastolic dimension ratio from M-mode echocardiography were compared for the two groups of patients using unpaired t tests. The echocardiographic ratio was correlated with the radionuclide right and left ventricular ejection fractions by simple regression analysis. Radionuclide right and left ventricular ejection fractions were also correlated by simple regression for both groups of patients. The level of statistical significance was chosen as a probability (p) value less than 0.05.
Results
Radionuclide ventriculography. The radionuclide right ventricular ejection fraction was generally reduced for all patients, with a mean value of 28% (range 9 to 51) for patients with a documented arrhythmia (group I) and 31% (range 17 to 48) for patients without a documentedarrhythmia (group II) (Fig. 3) . The difference between groups did not reach statistical significance (0.05 < P < 0.10). The mean left ventricular ejection fraction was below normal at 45% (range 8 to 75) in group I patients, compared with a mean value of 55% at the lower limit of normal (range 26 to 77) in group II patients (Fig 4) . The difference between groups was significant (p < 0.05).
M-mode echocardiography. The right and left ventricular diastolic dimension ratio was elevated in all but two patients without ventricular arrhythmia in group II. The mean ventricular dimension ratio was 0.84 (range 0.58 to 1.30) in group I patients, compared with 0.63 (range 0.30 to 0.94) in group II patients. This difference was also significant (p < 0.005) (Fig. 5) .
Statistical analysis. By simple regression analysis, an increase in ventricular dimension ratio correlated with decreasing radionuclide right ventricular ejection fraction for all patients (p < 0.001) as well as for both groups when analyzed separately(p < 0.05). There was also a significant correlation between right and left ventricular ejection frac- lotomy and outflow tract resection of the hypertrophied right ventricle. Pathologically, there is evidence of fibrotic change in the right ventricle submitted to prolonged hypertension at systemic levels (14.15) , and the ventriculotomy and outflow tract resection also leave fibrotic scars . There is some retrospective pathologic evidence to support the theory that extensive areas of right ventricular fibrosis at sites of surgical manipulation can be correlated with ventricular arrhythmias and sudden death (16) . However. the right ventricular ejection fraction by radionuclide ventriculography seen in the majority of our patients was lower than those in most previous series (17) (18) (19) . Our study group comprised all patients followed up for more than 5 years after repair of tetralogy of Fallot and may, therefore, represent the spectrum of postoperative right ventricular performance. In patients with ventricular ectopic rhythm, right ventricular dilation was greater, right ventricular end-diastolic pressure was higher
., -.
Discussion
This study provides evidence for right ventricular dilation by M-mode echocardiography and biventricular dysfunction by nuclear ventriculography in patients who have undergone surgical repair of tetralogy of Fallot . Patients with ventricular ectopic rhythm, a finding well correlated with risk of sudden death (l ,3 , 11-13) , had significantly more right ventricular enlargement and significantly lower left ventricular ejection fraction. Radionuclide right ventricular ejection fraction was reduced in all patients, but more so in those with ventricular premature complexes .
Right ventricular ejection fraction. Reduced right ventricular function seems unavoidable after repair of tetralogy of Fallot, which almost always includes ventricution for all patients (p < 0.001) and for both groups (group I, p < 0.01; groupIl, p < 0.10) . In contrast, the echocardiographic ventricular dimension ratio did not correlate significantly with radionuclide left ventricular ejection fraction for either group of patients . and right ventricular ejection fraction was lower than in patients without ventricular arrhythmias. Although only the first of these differences reached statistical significance, the combination seems to imply more right ventricular dysfunction in patients with ventricular arrhythmias. Garson et al. (20) observed an abnormal right ventricular ejection fraction in 45% of patients with inducible ventricular tachycardias as opposed to 7% of those with no induced arrhythmias. It appears that right ventricular dysfunction due to relatively minor residual hemodynamic abnormalities and long-standing myocardial injury may combine with conduction abnormalities to induce ventricular arrhythmias.
Right and left ventricnlar dimension ratio. A previous report (21) suggested that with M-mode echocardiography, right ventricular dilation with increased ventricular dimension ratio is a sensitive indicator of a significant residual hemodynamic abnormality and that this finding does not correlate with ventricular dysfunction. However, these results were not corroborated by our series. M-mode echocardiography did demonstrate striking right ventricular dilation in our patients with ventricular arrhythmia, significantly more than that seen in patients without arrhythmia. In addition to the factors operant in producing right ventricular dysfunction, dilation may also reflect pulmonary insufficiency, a very frequent sequela of repair of tetralogy of Fallot (3) . A majority of patients in both groups had a diastolic murmur compatible with pulmonary insufficiency. Auscultatory assessment of the severity of pulmonary insufficiency is notoriously inaccurate, and no angiographic assessment of the degree of pulmonary insufficiency is available for this group of patients. However, the number of patients with transanular patches producing obligatory pulmonary insufficiency did not differ between the patient groups with and without arrhythmia. In this series, patients with (23, 24) of left ventricular dysfunction evaluated by a variety of techniques. One possible mechanism would be left ventricular compression and limitation of diastolic filling due to right ventricular dilation; however, there was no linear correlation between increasing right to left ventricular dimension ratio and a decreasing left ventricular ejection fraction. These patients underwent repair at a mean age of 6.4 years and at a time when myocardial preservation techniques were not routinely used; the reduced ejection fractions demonstrated in this study may reflect the effect of prolonged hypoxia and polycythemia or of ischemia at repair. There was a significant linear correlation between left and right ventricular ejection fractions, which suggests that a more global cardiac injury may have been the cause. Inthis study, patients with ventricular premature complexes had a significantly lower left ventricular ejection fraction than those without ventricular arrhythmia. In adults, a poorly functioning left ventricle may produce conduction delay and ventricular arrhythmia may result (20) . The radionuclide ventriculographic results suggest that left ventricular dysfunction may contribute to the development of ventricular arrhythmia.
Conclusion. After repair of tetralogy of Fallot, patients with ventricular ectopic rhythm are at definite risk for sudden death. The cause of the arrhythmia is probably multifactorial. It seems likely that the combination of long-standing right ventricular hypertrophy with fibrosis, ventriculotomy with outflow tract resection and postoperative pulmonary insufficiency underlie the right ventricular dilation and biventricular dysfunction documented in this study. The study findings support the concept of early open heart surgery for tetralogy of Fallot with rigorous application of myocardial preservation techniques. They suggest that limiting the right ventricular outflow tract resection to preserve both right ventricular function and support of the pulmonary valve should be considered. After repair of tetralogy of Fallot, M-mode echocardiography and radionuclide ventriculog-raphy combined with rhythm evaluation allow selection of the patients at greatest risk for the development of potential fatal ventricular arrhythmias. We believe that these tests should be part of the routine postoperative follow-up study after repair of tetralogy of Fallot.
